The Cassini spacecraft completed three close flybys of Saturn's enigmatic moon 
Introduction
Cassini-Huygens is a major international planetary mission that entered orbit around 
Enceladus
Discovered by William Herschel in 1789, Enceladus orbits close to Saturn at radius of 4.0
Saturn radii, and thus is difficult to observe from Earth due to the scattered light of the planet and its rings. Its orbital period is 1.37 days. Telescopic infrared spectra indicate a surface composed of almost pure water ice (0) though a tentative detection of ammonia ice has been reported recently (0). The Voyager encounters with the satellite in 1981 established its radius (249 km) (3) , and that its visual geometric albedo is startlingly high, consistent with fresh snow or ice and higher than for any other known solar system body (4, 5) . Voyager 2 also discovered that Enceladus was unique among Saturn's mediumsized icy satellites because its surface includes sizable crater-free areas that have been resurfaced by endogenic forces (4) and were estimated to be <200 my in age (6) . Other parts of the satellite are heavily cratered and perhaps nearly as old as the solar system, but the craters show considerable signs of internal modification. All regions of the satellite, regardless of age, exhibit uniformly high albedos, implying that the entire satellite is coated with a ubiquitous fresh material (7) . Particle orbit models have shown that
Enceladus is probably the major source of the tenuous E-ring (8) , which is most dense at the satellite's orbit. The mechanism for the injection of material from the satellite into the E-ring has been debated: volcanism (9), geysers (10), large impacts (11) , and collisions between Enceladus and E-ring particles themselves (12) have all been proposed.
Regardless of the means of transport, the micron-sized particles that comprise the ring must be constantly replenished, as sputtering (10,13) would destroy them on time scales much shorter than the age of the solar system.
The heat source for the extensive resurfacing on an object as small as Enceladus has always been difficult to explain, especially when compared to other Saturnian satellites that show much less evidence of activity (14, 15, 16 (19) , and VIMS spectra indicated that the surface composition was completely dominated by water ice (20) . MAG data showed a draping of Saturn's magnetic field lines around the moon, which suggested the presence of an atmosphere (21) . However, UVIS observations of a stellar occultation observed by UVIS showed no sign of an atmosphere at low latitudes (22 (24) and CDA (25) obtained in situ measurements of the near-south polar environment.
Composite Infrared Spectrometer Results
The CIRS instrument (26) used the three Enceladus encounters to investigate the satellite's thermal radiation, which provides clues to its surface properties and a means to detect possible endogenic activity. The only previous observations of Enceladus' thermal 6 radiation were by Voyager 2 in 1981 (27) , which derived a disk-integrated 250 cm and subsolar temperatures, near 76 K, are also consistent with Voyager estimates (27) .
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The thermal inertia is 100 times smaller than that of solid water ice (31), implying a highly unconsolidated surface.
The third flyby, on orbit 11 on July 14 th 2005, provided the first good view of the south polar regions of Enceladus. Maps of the daytime thermal emission were obtained with both the mid-IR and far-IR detectors on approach. The low spatial resolution of the far-IR detector prevented good observations of the south polar region at long wavelengths (Fig. 1A) , but the mid-IR detector was able to map the entire disk at a spatial resolution of 25 km over the 600 -800 cm -1 (12.5 -16 µm) spectral range, with useful signal at higher wavenumbers in the warmest regions ( Fig. 2A,B) . The equatorial regions showed 650 cm -1 brightness temperatures in the high 70s K, consistent with models of passive solar heating based on the range of thermal inertias and albedos determined from the earlier flybys (Fig. 1) . However, most of the polar region south of latitude 65 S showed higher brightness temperatures, reaching 85 K near the south pole. This temperature is surprisingly warm: the temperature at the south pole that is in equilibrium with current insolation (i.e., assuming zero thermal inertia) is only 68 K for an albedo of 0.81, because of the highly oblique illumination there (solar elevation at the pole was only 23 degrees).
An implausibly low south polar albedo of 0.55, 67% of the equatorial albedo, would be necessary to increase the equilibrium temperature to 85 K. The elevated temperatures are not due to seasonal effects: we modeled long-term seasonal variations in the south polar temperature due to changes in the subsolar latitude and heliocentric distance of Enceladus, for a range of thermal inertias, and found that at the current season (midway between the southern summer solstice and the fall equinox) the south polar temperature is lower still for non-zero thermal inertia. The region of elevated south polar temperatures 8 corresponds closely to a geologically youthful region occupied by four prominent troughs (dubbed "tiger stripes") seen by the Cassini cameras (Fig. 2B) (19) .
The spectrum of the south polar thermal emission yields evidence for even higher temperatures, making an origin from solar heating even less likely. We found that the south polar spectrum was not well fit by a single-temperature blackbody filling the field of view. After subtracting the expected background thermal emission from a solar-heated surface, assuming a model with an albedo of 0.81 and thermal inertia of 20 J m -2 s -1/2 K -1 , the average spectrum of the 37,000 km 2 region south of 65 S could be fitted perfectly, within the uncertainties, by a graybody (i.e. a blackbody multiplied by a wavelengthindependent filling factor) of temperature 133 ± 12 K occupying 340 +320 -160 km 2 ( Fig.   2C ). We determined uncertainties in the fit parameters by a Monte Carlo technique. We first determined noise levels (which are dominated by instrumental noise) from the scatter of the observed spectrum around the best fit model. We then added that noise level to the model, refitted the noisy model spectrum, and repeated this process many times to determine the probability distribution of fit parameters (Figs. 2D,E) . The probability distribution of fitted temperatures (Fig 2D) suggests that maximum temperatures below 110 K are highly unlikely.
The spectral fits allow estimation of the total radiated power from the south polar region.
After adjusting fitted temperatures for the thermal contribution expected from sunlight absorbed by the hot regions on the assumption that the hot sources have the same albedo (~0.81) as the rest of the surface, we derive a radiated non-solar power of 5.8 ± 1.9 GW (Fig 2F) . Even if the hot sources have an albedo of 0.0 (highly unlikely, but not formally ruled out, as the hot regions could be mixed with higher albedo regions on spatial scales too small to be resolved) the non-solar power is still 3.9 GW. (Fig 3A) . These higher resolution observations confirm that the thermal emission is highly localized and is associated with individual prominent "tiger stripe" troughs (19) . The spatial correlation is not perfect, but discrepancies can perhaps be ascribed to pointing uncertainties. In some cases the pointing uncertainties can be eliminated because CIRS observations were obtained near-simultaneously with camera exposures, and the ISS field of view includes the 1 x 10 pixel CIRS mid-IR field of view.
The location of the thermal emission observations relative to the geological features can then be determined very precisely (Fig 3B,C) , confirming the association with the troughs, though there also seems to be some thermal emission from regions adjacent to the troughs. Table 2 describes the seven discrete hot sources that can be identified with greatest confidence in the ride-along observations, either because of simultaneous imaging or particularly strong thermal emission (Fig 3A) . We fitted blackbodies to the spectra of these sources after subtracting spectra of adjacent regions taken with the same CIRS detector, thus removing, to first order, the small contribution of thermal emission from the background and reducing calibration uncertainties. The association of the hot sources with linear features makes it likely that the hot sources are themselves linear, and Table 2 lists the inferred width of each source on the assumption that it is a linear feature extending across and beyond the CIRS field of view. The hot regions appear to be typically hundreds of meters wide. The some of the hottest individual spectra (sources C -G) were obtained during slews between ISS mosaic positions, and thus cannot be located so precisely, though they also appear to be close to the "tiger stripe" troughs. The brightest spectrum, D, requires a temperature of 145 ± 14 K, with temperatures below 120 K being highly unlikely (Fig. 3D,E,F) .
CIRS observed the north pole of Enceladus after closest approach, and though mid-IR coverage is more limited than at the south pole, we can rule out a similar hot spot in the north. A far-IR integration of a 80 km diameter region centered on the north pole, which has been in darkness since 1995, determined a best-fit temperature of 32.9 ± 1.2 K (Fig. 1C ), though to be conservative, this should be considered an upper limit because of the possibility that scattered radiation from surrounding warmer regions contaminated the signal. The corresponding thermal inertia, averaged over the penetration depth of the seasonal thermal wave (about 1 meter), is < 100 J m -2 s -1/2 K -1 . Any north polar hot component at the temperature of the south polar spot (133 K) would have to have less than 15% of the heat flow of the south polar spot in order to avoid detection in this integration. The lack of a north polar hot spot is consistent with the presence of heavily cratered terrain at the north pole (4,6).
Discussion
It is likely that these warm troughs are the source of the dust and vapor plume seen by other Cassini instruments (21, 22, 23, 24, 25) . From a stellar occultation measurement, UVIS detected a vapor plume above the south polar region (22) , and determined an escape rate of 5 -10 x 10 27 molecules/sec. If we assume that the immediate origin of this plume is thermal sublimation of warm water ice (or the plume is in vapor pressure equilibrium with surface ice at its source), and that this warm ice is visible to the CIRS instrument (rather than being hidden in deep fractures, for instance), we can constrain the temperature of the plume source using the observed thermal emission from the south pole. The mean south polar radiance radiance at 900 cm -1 , about 5 x 10 -10 W cm -2 str -1
(cm -1 ) -1 (Fig. 2C) , places an upper limit on the exposed area of a high-temperature plume source at a given temperature, and thus, using the vapor pressure curve for water ice (34), an upper limit to the sublimation rate from this source. The UVIS escape rate can be reconciled with the observed 900 cm -1 radiance only for plume source temperatures of 180 K or higher. A 180 K plume source would have an area of 28 km 2 , equivalent for instance to a 50 meter width along each of the four ~130 km long tiger stripes (19) , to produce the UVIS lower limit H 2 O flux. 180 K is close to the 173 K temperature of a water/ammonia eutectic melt, a plausible cryovolcanic fluid within Enceladus (14) , but the correspondence may be coincidental as ammonia was not detected in the plume by the INMS instrument (23) .
The presence of these high temperatures at the south pole of Enceladus is surprising. As described above, the temperatures in many places are too high to be due to simple reradiation of sunlight absorbed at the surface. Very high subsurface temperatures can in theory be produced by subsurface trapping of solar radiation, the so-called solid-state greenhouse effect (35) , and might generate warm gases that could escape along fractures and form plumes, as has been proposed for Neptune's moon Triton (36) . However, sufficiently large temperature enhancements have not been demonstrated in practice, and the association of the heat with obviously endogenic geological features (19) also makes a solar heating origin unlikely. An endogenic heat source is thus the most plausible explanation for the high temperatures. Maximum available power from radiogenic heat, assuming a chondritic composition for the non-ice material in Enceladus, is about 0.1 GW (15), much smaller than observed, but tidal heating might generate 10 -100 x more heat (37), comparable to the observed value. It is also possible that Enceladus is in an oscillatory state, as has been proposed for Io and Europa (38) . In that case, its eccentricity and tidal heating rate may have recently been much higher, and perhaps the moon is still cooling down from that period.
In summary, the Cassini CIRS instrument has found that Enceladus is radiating at least several GW of endogenic heat at temperatures of up to 145 K or higher. Comparison 13 with ISS images (39) shows that the heat is concentrated along surface troughs. These warm troughs are presumably the source of the vapor and dust plumes seen by other Cassini instruments.
14 Tables The hottest individual CIRS spectrum (source D), and the best fit graybody spectrum.
(E) and (F) Probability distribution of the temperature and filling factor for the spectrum of source D, on the assumption of a single temperature.
